SAŽETAK • The subject of the research is a ready to assemble (RTA) chair constructed of plywood by a CNC machine. The standard test of seat and back of the chair according to the Czech Standard CSN EU 1728 was supplemented with an optical method of digital image correlation (DIC
INTRODUCTION 1. UVOD
Information technology development and industry automation resulted in the development of CNC technologies, nowadays also used in furniture manufacturing. RTA furniture made of wood composites by CNC machines is the most often serially manufactured furniture. While the furniture has been produced for more than twenty years, experience with constructing it and with its strength properties is limited. Until recently, the trial and error approach was the only way to research the methods of development of furniture and wooden products. Development of technologies, new materials and informatics not only in production and marketing, but also in furniture design, brings about many methods that allow engineers and designers to adopt new approaches to their work. Despite the fact that standardized furniture testing, e.g. according to European Standards (EN), is not compulsory for producers in most cases, it is commonly implemented. Numerical simulations have been applied by furniture industry in a limited way so far (e.g. Mirra Offi ce Chair; Larder and Wiersma, 2007) . However, they are supported by research rather signifi cantly. From a large number of studies, we would like to mention the research on behaviour of constructions of upholstered furniture (Smardzewski and Prekrat, 2009) (Koňas, 2008) , desk (Novotný et al., 2011) , as well as the research on behaviour of wood product joints (Mihailescu, 2003; Černok et al., 2004; Prekrat and Smardzewski, 2010; Serrano and Enquist, 2010) . The issue of strength design of furniture and various research methods is rather comprehensively described by Eckelman (2003) , Smardzewski (2004) and Joščák (1999) .
Although optical research methods are relatively well described and applied in other industries, they are still rare in furniture making and logging. The issue of Digital Image Correlation (DIC) methodology in relation to a shape, and deformation measurement is described e.g. by Sutton (2008) Muszyński et al. (2002) employed DIC to research wood deformations with an axial creep test under varying climate conditions. Besides DIC, there are also other optical methods used in research and development of wood products, e.g. optical triangulation measuring the quality of surfaces (Costa, 2012) and precision of production against 3D models, laser vibrometers used for testing mechanical characteristics of furniture connections (Weyrauch et al., 2013) , speckle pattern interferometers used for testing deformation of wooden joints (Umezaki et al., 2004) or photo tensometers used for testing gluing strength of wood joints (Mihulja et al., 2008) .
The main objective of this study is to assess the mechanical behaviour of RTA chair constructed of plywood using an optical method based on digital image correlation. Another goal is to develop the methodology of standardized furniture testing so that it can also be used in research and development of furniture construction -industrial products.
MATERIALS AND METHODOLOGY

MATERIJAL I METODE
The chair was created parametrically in environment modelling of the CAD and CAM program, with dimensions 900 by 490 by 430 mm. It was made by a CNC machining centre (with a nesting table) of 12 mm thick birch (Betula pendula) plywood, with integrated dovetail not-glued joints -RTA furniture. Similar principles of constructing furniture based on mass production were described e.g. by Oh et al (2006) . The chair was assembled from six parts. It was designed as selflocking ( Figure 1a ).
The chair construction was mechanically loaded in an accredited furniture testing laboratory according to the Czech Standard CSN EN 1728, Article No. 6.4 -Static strain test of a seat and back of a chair.
A universal pneumatic testing device was set up according to the template ( Figure 1 ) and design. The device was loaded to the seat with the force of 1300 N and to the back with the force of 450 N in 10 cycles, from P1 and P2 points determined by the loading diagram ( Figure 2 and Article 5.2 of the Standard). To prevent the chair from moving on the fl oor, it was supported with adjustable stops. Afterwards, the values of displacement in the horizontal and vertical direction for P1 -P6 points were assessed.
Experimental optical measurement was carried out by the DSLR (Digital Single-Lens Refl ex) camera Nikon D5100 (16Mpix resolution) and Nikkor 50 mm F1.8 AF-S lens, which were set perpendicularly to the examined surface -the side frame of the chair. To achieve constant intensity of the recorded surface image, it was necessary to keep stable lighting conditions within image acquisition. For this purpose, the examined surface of the chair construction was lightened by a pair of diffuse lights. The frequency of recording was set up to 1 fps, the bit depth of images was 8-bit (256 shades of grey). 8-bit images are necessary for further processing and for computing the displacement fi elds. The open-source tethering software DigiCamControl (by Duka, I.), connected to the DSLC camera using the displacement was observed at the front leg (v = 1.185 mm, Figure 3) . The next step in the analysis was to look at the strain fi elds computed from displacements. The strain fi eld in horizontal direction (ε xx ) is shown in Figure 4 ; the vertical strain component (ε yy ) is shown in Figure 5 (also for image No. 20). The results indicate that vertical strain is the highest in the dovetail connections on top of the chair seat. Nonetheless, its highest absolute strain did not exceed ~ 0.3 %, so we can affi rm that all strains occurring there are elastic -below the proportional limit of all possible loading modes in wood and birch plywood (Bodig and Jayne, 1993; Wood Handbook, 2010). The horizontal strain is the highest in the backrest dovetail connections and its maximal absolute value is ~ 1.56 %. This value is often measured above the proportional limit, so the question is whether plastic strain occurred or not. A detailed visual analysis of the connection indicated that the plastic strain most likely did not occur -the fi bres of surface ply did not fail in any mode.
The reason why such high strains were obtained is that the computed strains at the connection interferences might be infl uenced by their geometric intolerances. It means that the virtual strain gages used for computing consider the gap between connection parts as solid parts of the chair, i.e. gaps are considered as parts of the applied stochastic colour pattern. Three fundamental fi ndings resulted from that: a) it is neces-USB port, was used to transfer data to a mobile PC station. Correlation computation of displacement and strain fi elds was carried out in the Vic-2D (by Correlated Solutions Inc.) program. Motion tracking of P1 -P6 points was carried out in the open-source program Blender (by Blender Foundation) and verifi ed subsequently by the Vic-2D program. To guarantee the valid computation by the DIC method, it is necessary to cover the recorded surfaces with (ideally) a two-component contrasting colour (e.g. black and white) before testing. To fulfi l this condition, a spray system was used from the distance, which provided speckles of recommended size of 3 -6 pixels (Sutton et al., 2009).
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
The fi rst goal of the work was to compute the displacement fi elds on the chair side frame using the DIC method. The result is shown in Figure 2 and 3 , where the back and the seat are in the second cycle of experimental testing (image No. 20). As it can be seen, the DIC computation brought reliable results based both on quantitative (standard deviation was lower than 0.05) and qualitative evaluation (displacement contours follow mechanical behaviour assumptions resulting from a loading mode). The ultimate value of horizontal displacement was observed at the top of backrest (u = 3.92 mm, Fig. 2 ) and the ultimate value of vertical a .
b . sary to analyse the dovetail connection from closer distance in greater detail, which would bring more information on strains in connection parts themselves and contact (nonlinear) behaviour; b) the strains obtained around the connections with bigger geometric intolerances should be analysed carefully to avoid errors; c) obtained displacements are reliable and not negatively infl uenced by virtual gages since they are computed beforehand from pixel moves. Therefore, the chosen acquisition distance is appropriate for kinematic assessment of the chair and brings a new perspective (2D data) on furniture testing. Figures 6 -11 . Ten loading cycles in the seat and the back are signifi cant in all charts (1 cycle ~ 12 images). The following differences in maximum and minimum values of deviations (displacement) related to the observed points are of our interest. The most noticeable displacement was achieved in the horizontal direction (the X axis), especially in P2 point (the back of the chair). The value achieved was approximately 6 mm ( Figure 7) . The displacement shows that, compared to the other observed parts of the construction, the back of the chair is relatively fl exible. The result is similar to the outcome obtained by Enquist (2005) within his research. The second highest value in the horizontal direction was measured in P3 point (connection of the seat and the back; approximately 2.6 mm (Figure 8 ). Nearly the same value of displacement in both directions was measured in points P1 (the seat) and P4 (connection of the seat and the front leg); in the X axis approximately 2.5 mm, in the Y axis 1 mm (Figures 6 and 9) . The most noticeable displacement in the vertical direction was measured in P6 (Figure 11 ). Considering the position on the fi xed pad, the displacement should be considerably lower (similarly as in P5 point, Figure 10 ). However, as the fl at pack construction was the subject of the research, the effect was most likely caused by a small inaccuracy occurred when the chair was assembled. One more inaccuracy probably appeared when the chair was placed into the testing device -the front legs of the chair were set a bit imprecisely. Due to absence of stops at the front legs, dis- Figure 12 . Directions of the vectors are similar but the obtained values are considerably lower (seven or eight times) than values of vectors measured by Enquist testing a chair with armrests. It is possible to say that our chair is stiffer (lower defl ections) in bending than the one tested by Enquist (2005) . Different construction of the chairs explains the difference in measured values. The chair tested by Enquist (2005) can be considered as a rod construction (of massive wood) with mortise and screw joints. The construction of the chair tested in this research is a plate type (of plywood) with dovetail joints, which usually reaches higher values of load capacity and solidity.
Displacement of observed nodal points is shown by charts in
CONCLUSION
ZAKLJUČAK
The results based on measured experimental data can be summed up as follows:
• The tested chair construction shows the highest displacement in the back; • The tested chair construction shows the largest strain in dovetail connections between the back and the side and between the seat and the side; • The maximum deviation of the observed surface was detected in P2 point (the back of the chair);
• Individual load cycles are recognizable in the charts of the point displacement; • The fi nal vectors directions of the tested chair displacement are similar to the chair tested by Enquist (2005) . Values of the fi nal vectors related to the tested chair are considerably lower than values of the chair tested by Enquist (2005) ; Considering the method applied, it is possible to say that the DIC can be easily used for and applied to furniture testing due to its relative simplicity and low requirements on devices used, undemanding data processing and assessment carried out by accredited laboratories or research institutes. Development departments of furniture making companies can apply the methodology to increase their competitiveness and innovation potential. By means of deeper analysis of data, it is possible to detect badly dimensioned construction connections or to optimize the construction in terms of shape or used materials. 
